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ABSTRACT 

Experimental findings are presented on fundamental seismoacoustic characteristics of 
unconsolidated sediments not explained by existing theories. Precision measurements of 
the compressional velocity "Cp" in coarse water-saturated sand revealed that Cp decreased 
by 14% as frequency increased from 80 to 880 kHz, while the Biot theory predicted an 
increase of < 1 %. Measured dispersion in saturated fine sand and glass beads had a 
similar trend. Data from Kings Bay Experiment by Chotiros (1995) were replotted 
indicating that Cp decreased by 6% as frequency increased from 5 to 60 kHz. Cp in 
drained sand and glass beads remained near the saturated value (1750 m/s) in contrast 
with the 85% decrease predicted by the low-frequency Biot-Gassman theory. Time- 
dependent stiffening was detected in drained sediments. Visualization of capillary 
mechanisms using seawater and glass microplates provided physical insight into grain to 
grain coupling and time-dependent properties. Unique features were observed on 
crystallization in confined geometry, solid-like behavior of confined seawater, cavitation, 
and shear coupling. Capillary experiments on gassy sediments showed that when air was 
injected in water-saturated sand, oblique 45° fracture cracks formed in the sand as it 
became locally unsaturated. The cracks were perpendicular to each other originating from 
the air source location. 
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I. INTRODUCTION 

Reliable detection and imaging of buried objects in the seabed requires fundamental 
understanding of high-frequency seismoacoustic phenomena under various realistic 
conditions. Mechanisms responsible for observed high attenuation and subcritical 
penetration of high-frequency acoustic waves in the ocean bottom are not yet understood 
[1-23]. Different researchers treated the seabed as a fluid with no rigidity, as an elastic 
solid, or as a viscous elastic material. Sand is an unstable medium and can change from a 
liquefied state to a stiff matrix. Subcritical penetration of incident underwater acoustic 
waves depends on refraction and knowing the frequency-dependence of the compressional 
and shear wave velocities. Hundreds of papers have been published on the Biot theory for 
saturated porous materials [1, 3-9, 11, 14, 22-31]. Two types of compressional waves are 
known to exist according to the Biot theory, however the Biot slow wave has not yet been 
observed in water-saturated sand. Hickey and Sabatier [7] characterized the dispersion of 
a slow compressional wave in air-filled sand. Boyle and Chotiros [4] observed an 
anomalous slow compressional wave (1200 m/s) in water-saturated sand. The sand frame 
bulk modulus given by Chotiros [22] was much greater than the known value, and the 
sand grains bulk modulus was five times smaller than the typical magnitude [1]. The Biot- 
Stoll poro-elastic model [30] depends on a large number of parameters to predict the 
seismoacoustic response of a particular sediment [1,22]. Chotiros [5] developed an 
extended Biot model and obtained an inversion for Biot parameters in saturated sand. 
Briggs [8] obtained empirical relationships relating sediment sound speed, attenuation, 
and density to sediment properties and composition. Yamamoto [28] related attenuation 
to permeability in sandy bottom. Turgut [29] used the Kramers-Kronig relations to 
characterize attenuation and dispersion. Williams [6] introduced an "effective density" 
fluid model. Mu and Badiey [14] examined the effect of the parameter uncertainty on the 
predicted response. Williams et al. [9] indicated that the Biot theory models fairly well the 
dispersion, however, the attenuation deviates, in the frequency range 125Hz to 400 KHz. 
Buckingham [12, 20, 32] developed a linear theory for saturated unconsolidated sediments 
possessing no skeletal frame with weak logarithmic dispersion due to attenuation 
consistent with Kramers-Kronig relationships. Gilbert and Panchenko [33] derived 
viscoelastic equations similar to Buckingham's using frictional energy dissipation with a 
microscopic length scale. 

In Section II, precision laboratory measurements are presented on the dispersion of 
compressional waves Cp in coarse water-saturated sand revealing that Cp decreased by 
14% as the frequency increased from 80 kHz to 880 kHz. According to the Biot-StoU 
theory, the compressional wave velocity should increase by less than 1% as frequency is 
increased from 50 kHz to IMhz . The author observed a similar dispersion trend in 
saturated fine sand and glass beads. Following the distribution of a brief communication 
on the newly observed dispersion results [34], Prof N. Chotiros suggested a paper by 
Guillon et al. [35] having also observed similar dispersion in water-saturated sand. The 
author is gratefial to Prof Chotiros for revealing Guillon's paper. Section I includes 
replotted low-frequency field data from Kings Bay Experiment by Chotiros [22] 
indicating that Cp decreased by about 6% as the frequency increased from 5 to 60 kHz. 
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In Section III, some experimental results on drained sediments are discussed. The 
compressional wave velocity in drained sand and glass beads remained near the saturated 
value (>1750 m/s) in contrast with the 85% decrease predicted by the low-frequency 
Biot-Gassman theory [87]. Time-dependent stiffening was observed in the drained glass 
beads. Two types of spherical glass beads are mentioned in the report: a) black glass 
beads (-250 |im) provided by Prof M. J. Buckingham, and clear glass beads (430-600 
urn) obtained from Potters Industries (P-0230). 

The Buckingham theory for unconsolidated sediments [12, 20, 32], assumes the elastic 
rigidity modulus of the sediment to be zero, however, a "dissipative rigidity" is introduced 
that depends on frictional shear rigidity. The author was interested in understanding the 
basic .problem of grain to grain coupling due to hidden adhesion mechanisms in the 
"absence" of roughness. Section IV presents a series of photographs visualizing 
fundamental capillary mechanisms using seawater and glass microplates. The purpose of 
the studies was to develop better understanding of grain to grain contact coupling and 
time-dependent properties of marine sediments under various conditions including the 
cavitation and rupture of the thin water film between the grains. The qualitative results 
identified unique properties of salt crystallization in confined geometry, air entrainement, 
trapping of water layer, solid-like behavior of confined water layer, rupture and cavitation 
of the trapped water film, dendritic type crystallization, formation of seals, shear wave 
coupling, stiffening with aging, and loading hysteresis. 

Section V describes experimental findings on capillary phenomena in gassy sediments. 
The results demonstrated that when air was injected in water-saturated sand, oblique 45° 
angled fracture cracks developed in the sand. The formed cracks were perpendicular to 
each other originating from the air source location. The sand became locally transformed 
by the added stiffness, the elongated cracks, and the capillary forces clearly indicated the 
limitation of the theoretical sediment bubble model by Anderson and Hampton [36] 
representing the sediment as a fluid with no rigidity. Johnson, Gardiner, and Boudreau 
[37, 38] observed flattened vertical disc-shaped methane bubbles in marine sediments 
caused by fracture following linear elastic fracture mechanisms theory. 

The goal of the research is to achieve better physical understanding of fundamental littoral 
seismoacoustic phenomena on the interaction of underwater acoustic waves with marine 
sediments leading to accurate acoustic modeling of littoral surficial layer and reliable 
seismoacoustic detection of buried objects. 
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n. DISPERSION OF HIGH-FREQUENCY COMPRESSIONAL WAVES IN 
SATURATED SEDIMENTS 

In high frequency acoustics, it is important to know the seismoacoustic properties of the 
top layer of the seafloor (few centimeters) controlling the interaction and conversion on 
underwater acoustic waves. Surprising results obtained under the previous CNR 
contracts on the effect of water content on the compressional velocity Cp in sand raised 
some questions about the established dispersion trend predicted by the Biot theory (Cp 
increases as frequency increases) in saturated sand [39-41]. A series of precision 
laboratory measurements were conducted under controlled conditions to examine closely 
the frequency dependence of the compressional velocity in saturated sediments. 

Measurements were carried out on fine sand, coarse sand, and glass beads in distilled 
water after removing any trapped air bubbles. Initially, the source was excited with a 
single broadband pulse to identify and eliminate undesired reflections that can, interfere 
with the dispersion mesurements. Fig. 1 shows the received dispersed waveform when a 
single pulse was propagated in fine saturated sand (Narragansett Beach, RI) recorded at 
two different ranges X =8 cm and X =19.085 cm. The width of the dispersed wavetrain 
increased as X was increased. The compressional wave was attenuated in the wet sand. 
The vertical amplification setting was 2 V/div. for the left trace, and 200 mV/div. for the 
right trace (Fig. 1). The oscilloscope trigger position was 42 |is and 108 |is, 
respectively. 

Fig. 2 shows compressional waveforms in saturated black glass beads captured at three 
distances (X = 2,4, and 6 cm). Waveforms from saturated fine sand, medium sand, and 
coarse sand (750-1500 ^m) are compared in Fig. 3 measured at X = 8 cm. Compaction 
increased Cp as demonstrated in Fig. 4, by comparing the arrival time of liquefied and 
compacted black glass beads (X = 18.639 cm). Compaction decreased the arrival time by 
about 1.66%. 

The dispersion characteristic in saturated sediments was practically independent of the 
wave path direction (horizontal or vertical), and independent of the transducers depth 
(between 3-10 cm) as shown in Fig. 5 and Fig. 6, respectively. The water depth had no 
effect on the dispersed compressional waveform. Fig. 7 shows two superimposed 
waveforms from the model with a) water level flush with the sediment surface, and b) the 
sediment covered with a very thick water layer. 

Several dispersion measuring methods were evaluated. The author found that the most 
accurate method to determine the phase velocity dispersion was using a tone burst at a 
selected frequency, and measuring the wavelength by counting an integer number of wave 
peaks that passed by a time marker on the oscilloscope as the distance between source and 
receiver transducers was varied. A procedure was used to achieve the same level of 
sediment compactness yielding a repeatabilibty of one part in 1000. The distance between 
the transducers was measured with an accuracy of 0.01 mm over a path length of 30 cm. 

Sonoquest JRC-27-2003 7 ^-^ Chamuel 



The measurements were repeated incrementally at different frequencies between about 
70kHz and 880 kHz for each sediment. 

The plotted experimental results, for the dispersion of high-frequency compressional 
waves in saturated fine sand, coarse sand, and glass beads are presented in Fig. 8. The 
dashed lines were calculated from linear regression. The compressional velocity in coarse 
water-saturated sand decreased hy 14% as the frequency increased from 80 to 880 kHz, 
while the Biot theory predicted an increase of < 1 %. The velocity in fine sand decreased 
by 3.6 %, and in the glass beads by 3%. The dispersion results obtained under the current 
contract confirmed the observation by Guillon et al. [35] of the high-frequency dispersion 
trend in saturated sand contradicting the Biot theory. 

The author examined low-frequency field results obtained by Chotiros   [22]   from the 
Kings Bay Experiment measured at two different grazing angles { 9 = 90°and 9 =39°). 
The replotted dispersion results are also shown on the same graph in Fig. 8. The field data 
velocity decreased by about 6% as the frequency increased from 5 kHz to 60 Khz. 

Wingham [26] measured the dispersion of high-frequency compressional waves in water- 
saturated sand. Wingham's results agreed with the Biot theory as the velocity increased 
by less than 1% as frequency increased from lOOkHz to about 380 kHz. Wingham's 
experimental results [26] did not reveal the high-frequency dispersion trend described in 
this report. One possible explanation is the fact that Wingham used a bandlimited low- 
frequency hydrophone. The author digitized the first waveform from Wingham's data 
[26] and plotted the resulting Fourier Transform shown in Fig. 9. Only 128 points were 
needed to digitize and represent Wingham's waveform. The resulting spectrum shown in 
Fig. 9 hints that very little energy was present in Wingham's data between 100-500 kHz. 

Several investigations were conducted to double check the dispersion results shown in 
Fig.8 in view of knowing their conflict with the established Biot theory [30]. Another 
surprising finding was obtained when the dispersed compressional waveform from a solid 
block made of sand in paraffin wax had similar dispersion as the water-saturated sand as 
shown in Fig. 10. No apparent dispersion was observed in either a solid aluminum block 
or a Plexiglas blocks (bottom two traces in Fig. 10). Koesoemadinata and McMechan 
[42] provided an empirial formula for the dispersion of P waves in sandstone with the 
dispersion part following 0.388f where f is the frequency in MHz for the frequency range 
400 Hz to 1 Mhz. Further research is needed to find the physical mechanism explaining 
the controversial high-frequency dispersion in water-saturated sediments. 
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X = 8.000 cm X= 19.085 cm 

Fig.l. Waveform of dispersed compressional wave in saturated fine sand (Narragansett Beach, 
RI) recorded at a distance X= 8.000 cm and X =19.085 cm. 

Fig. 2. Compressional wave in saturated glass beads measured at three distances X = 2 cm, 4 cm, 
and 6 cm. 
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Fig. 3. Comparison of measured dispersed P waves in water-saturated fine sand, medium sand, 
and coarse sand. Source-receiver distance X = 8.000 cm. 
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Fig. 4. Dispersed compressional wave in liquefied and compacted underwater glass beads. 
Compaction was achieved by tapping on the tank wall (X =18.639 cm). 

Fig. 5. Vertically propagated dispersed compressional waves in saturated fine sand (X - 12 cm). 
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Z = 4.75 cm 

Z = 6.75 cm 

Fig. 6. Effect of depth Z in sediment on dispersion of compressional wave in water-saturated 
glass beads. Source-receiver distance was fixed X = 8 cm. 
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Fig. 7. Identical dispersed waveforms were obtained when the water level "h" was varied. The 
photograph shows two superimposed traces recorded with h = 0 and h = 15 cm. 
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Fig. 9. First waveform from Wingham's data [26] was digitized and replotted together with the 
corresponding Fourier Transform hinting lack of high frequency energy needed for accurate 
characterization of the dispersion between 100-500 kHz. 
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Fig. 8. Measured compressional wave velocity dispersion in water-saturated sediments not 
explained by the existing theories. The velocity is plotted as function of frequency showing the 
dispersion in saturated fine sand (--x--), coarse sand (--■--), and black glass beads (~o--). The 
dashed lines were obtained from linear regression. Low-frequency (5-60 kHz) field data by 
Chotiros [22] from the Kings Bay Experiment are replotted also indicating a decrease in the 
compressional velocity as frequency increased recorded at two different grazing angles { 9 - 90' 
(-4-), and e =39° (--^-)}. 
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Sand in paraffin wax 
X = 8.7cm 
200 mV/div. 

H        AJuminum 
'~        X=10cm 

5V/div. 

Plexiglas 
X = 10 cm 
5 V/div. 

Fig. 10. Dispersion of compressional waves propagated in a solid block of sand in paraffin wax 
(Top) had a similar type of dispersion as the water-saturated sand model. For comparison, 
nondispersive waveforms were obtained from an aluminum block (Middle) and a Plexiglas block 
(Bottom) as shown. The source amplitude was reduced by 20 dB in the Aluminum and Plexiglas 
models. 
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in. DRAmED SEDIMENT 

The previous section dealt with the frequency dependence of the compressional wave 
velocity Cp in water-saturated sediments. At a given frequency, what is the effect of water 
content on Cp ? Bachrach and Nur [24] calculated the compressional velocity in sand as 
function of water saturation based on the low-frequency Biot-Gassmann theory. Their 
calculated results showed that from 0% to 99% water saturation, Cp remained less than 
200 m/s. According to the theoretical model, the last 1% of added water to reach full 
saturation increases Cp by almost a factor of eight (Cp in water-saturated sand is about 
1750 m/s). Jacoby et al. 89] measured the elasticity of frozen partially saturated sand. 

Measurements by Velea [43], and Tavossi and Tittman [44] near 10 KHz revealed that Cp 
in drained sand is about 200 m/s. Shields et al.[45] determined the effect of water vapor 
on Cp in Ottawa sand and glass beads. The vapor had little effect on the 10 KHz 
compressional wave in both materials and remained near 200 m/s. 

Quantitative experimental results obtained by the author under the previous ONR contract 
found that the velocity of high-frequency (300 kHz) compressional waves increased by 
about 8 % as the water content was decreased by 18% from full saturation [39-41]. Fig. 
11 shows the measured velocity plotted as function of water saturation in fine sand 
(Kennebunk Beach, Maine), medium sand (play beach sand), coarse sand (Old Orchard 
Beach, Maine), and glass beads (430-600 |im - Potters Industries P-0203). At 100% 
saturation, the spherical glass beads (430-600 jum) had a higher compressional wave 
velocity than the sand (fine, medium, and coarse). The compressional wave velocity 
increased in all four samples as the water content was decreased. This increase in velocity 
is not explained by existing theories and is in contrast with the Biot-Gassmann theory 
which predicts that the velocity of low-frequency compressional waves decreases by 85% 
as the water content is decreased by only 1%> from saturation. 

Broadband dispersed waveforms of? waves from two other saturated and drained models 
are displayed in Fig. 12. One model consisted of black glass beads (0.25 mm), and the 
other was coarse sand (750 |im-1.5 mm). The source was excited with a single broadband 
pulse. The waveforms were recorded with the source-receiver separated by X = 8 cm. 
The top and bottom traces in Fig. 12 correspond to the saturated and drained models, 
respectively. The drained models were dried with a sponge and tissue paper to interrupt 
the water/water molecules connectivity. Fig. 13 shows a photograph of sharp corners of 
a carved cylindrical cavity on the surface of drained black glass beads demonstrating the 
stiffness of the drained sample (water-saturated glass beads has no rigidity and cannot be 
carved). Time-dependent stiffening was observed after draining fine sand. The shear 
wave velocity increased from 97 m/s at the time t =10 minutes after draining to 118 m/s 
at t = 60 minutes (Fig. 14). 
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Fig. 11. Measured compressional wave velocity as function of water saturation [41] in various 
models. From top to bottom: a) Glass beads (430-600^m- Potters Industries P-0230), b) Coarse 
sand (Old Orchard Beach, Maine), c) Medium sand (Play beach sand), d) Fine sand (Kennebunk 
Beach, Maine). 

Saturated 

Drained 

Black Glass Beads Coarse Sand 

Fig. 12.   Comparing dispersed waveforms of P waves in saturated and drained beads and coarse 
sand models. After draining the water, the glass beads and the sand were dried with a sponge 
and tissue paper. (X=8 cm). 
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Fig. 13. Photograph of drained black glass beads in plastic container. A cylindrical cavity 
was carved on the surface of the drained beads to demonstrate its rigidity . Water- 
saturated glass beads has no rigidity and cannot be carved. 
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t = 10 minute 

t = 60 minutes 

Fig. 14. Time-dependent stiffening was observed in drained fine sand. The shear wave 
velocity increased from 97 m/s at t = 10 minutes after draining to 118 m/s at t = 60 
minutes. Shear piezoelectric transducers were used to generate and detect the ultrasonic 
waves. (X = 4.1 cm). 
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IV. CAPILLARY CAVITATION AND CRYSTALLIZATION 

Currently, there are no theories available capable of predicting the high-frequency wave 
velocities and attenuation in unsaturated marine sediments. In order to predict the 
seismoacoustic response of the seafloor under various conditions, it is essential to 
understand the sediment grain to grain coupling mechanisms at the microscopic level. 
Little is known about the properties and effect of the thin seawater film trapped between 
the grains. Theories on elastic wave propagation assume that shear waves cannot be 
transmitted across a water layer sandwiched between two solid surfaces. The 
Buckingham theory [12, 20, 32] depends on grain roughness, where the shear wave speed 
goes to zero as the losses vanish. In Buckingham's model, grain shearing introduces 
rigidity which in turns supports a shear wave. 

It is well known that two parallel wet glass plates stick together when pressed against each 
other. A preliminary investigation of the "suction- cup effect" was undertaken, to study 
some aspects of seawater grain to grain adhesion and shear coupling in the "absence of 
roughness". On the theory of tackiness, Gay and Leibler [46] described the rolp of the 
suction-cup effect in adhesive polymer films as increasing the bonding strength by up to 
10,000 times. Later work by Creton et al. [47] indicated that the suction cup effect 
contributed only a very small part to the energy of debonding due to the very peculiar 
properties of deformability of the adhesives. 

The seemingly simple "suction-cup effect" problem unveiled a series of complex 
mechanisms on solid-like behavior of confined liquids, confined crystallization, cavitation 
of trapped water film, tapered capillaries, nanofiltration and desalination, formation of 
rings and seals, water trapping, time-dependent stiffening, and loading hysteresis as 
explained below. In this section, a series of photomicrographs are presented providing 
physical insight into hidden capillary mechanisms on cavitation of a seawater film between 
two glass microplates. Ultrasonic shear wave coupling between two smooth glass plates 
bonded by capillary forces and crystallized salt is demonstrated. 

Visualization Studies and Background on Related Issues 

The effect of capillary phenomena is significant for flat surface configurations. Aracne- 
Ruddle et al. [48] found that the acoustic properties of sediments are sensitive to clay 
content at low pressures. Their ultrasonic results indicated some unexplained surprising 
time-dependent behavior of the shear wave. Clay consists of smooth hexagonally shaped 
crystalline platelets about 1x1x0.1 jim. Beach sand grains are angular and have flat 
surfaces contributing to capillary adhesion in unsaturated sediments. 

The London-van der Waals force of interaction between two parallel plates in vacuum 
follows the inverse third-power law according to the London-Hamaker theory, where the 
force is proportional to 1/d' and d is the distance between the plates. Howe et al. [49] 
described the London-van der Waals force for the interaction of a sphere and a plate as 
proportional to 1/d^. The interaction force of a 1mm diameter glass bead and a plate is in 
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the order of 10"' N for d ~ 25 angstroms, and increases rapidly as d decreases. At a 
separation of 5 angstroms, the force is about 80x10'^ N. 

The Laplace-Young equation [50] of capillarity 

AP = y(l/R-l/r) (1) 

relates the pressure difference across a curved interface to the surface tension and the radii 
of curvature. AP is the pressure difference across the gas water interface, y is the surface 
tension, R = radius of curvature, and r = second radius of curvature. A spherical 
interface is a special case when the pressure difference is equal to twice the surface tension 
divided by the radius. As the radius of curvature of the interface becomes infinite like a 
flat surface, the difference in pressure on the two sides decreases to zero. Small cavities 
(bubbles) have a small radius of curvature creating a large pressure difference across the 
interface. The equation is used to predict the meniscus forces and assumes the surface 
tension y to be constant. The surface tension of water is y= 72.8x10'^ N/m. 

Equations for estimating meniscus forces and viscous forces were obtained from 
references [51-52]. McFarlane [51] gave the equation for the meniscus force between two 
flat surface with a surface area "A" and a fluid layer of thickness h . The Laplace pressure 
draws the plates together with the force. 

F = (2AYCose)/h (2) 

where 0 is the contact angle. The capillary force equation between two spherical grains 
was described by Likos and Lu [53]. 

Is the Laplace-Young equation valid for a confined nano-film between two touching 
plates? The answer to this question is not known.. Sobolev et al. [54] found that the 
surface tension in cylindrical capillaries with a diameter as small as 80 nm was the same 
as the water bulk surface tension value. Megaridis et al. [55] studied the behavior of 
pressurized fluids in carbon nanotubes with a diameter of only about 50 nm. 

Van der Veen et al. [56] showed that when an ultrathin liquid film is confined in 
nanometer gaps between two solid surfaces, the liquid molecules become ordered giving 
rise to solid-like properties and causes the surfaces to stick. This is different from the well 
known time-dependent interfacial viscous force described by Stefan's equation [57-58] 
based on a viscosity that does not dependent of the layer thickness. 

F =     3n7rR'   (1 - L) 0) 
4t rf    h^ 

where, ri = viscosity, R = radius of fluid disc between plates, t = time, H = initial fluid 
thickness, h = final fluid thickness. 
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One point of interest is understanding the instability of a confined ultrathin water layer in 
the presence of heterogeneous nucleation and cavitation in tension and shear. Archer et al. 
[59] observed that a liquid can fracture like a solid forming a vacuum cavity above some 
critical shearing rate. Microbubbles in seawater dissolve because the pressure inside the 
bubble is greater than the pressure in the water. The behavior of a shearing cavitation 
bubble confined between two plates is not known. Microbubbles trapped in an ultrathin 
capillary channel cannot be removed by suction because the pressure exerted by the 
capillary forces can far exceed one atmosphere. Any air bubbles entrained in a cylindrical 
capillary channel create a vapor lock. Degassing underwater sediments can remove only 
the large bubbles but not the bubbles trapped in channels narrower than 0.9 |im. Evans 
[60] reported on the properties of liquids confined between two hard walls stating that 
when the walls are close enough to each other cavitation occurs and the liquid evaporates. 
Furthermore, Evans stated that confinement shifts the condensation or freezing point. 
When the dimensions of the capillary channel is microscopic, the local density of the fluid 
differs from that of the bulk due to the confining effect of the walls citing clays as an 
example. Maeda [63] discussed capillary freezing and the change of the mechanical 
properties from liquid-like to solid-like as the distance between two walls were changed. 

Visualization studies were conducted to observe the behavior of a thin seawater film 
between two glass plates under various conditions. The experiments were conducted 
using 0.13 mm thick glass microplates by Corning No. 0211. These 3.5x5 cm microplates 
were very smooth (27 to 58 Angstroms peak to valley over an area of 0.357x0.269 mm). 
The properties of the Coming 0211 glass are: density p= 2.53x10^ kg/m^ Young's 
modulus E = 7.44x1 O'^NW , shear modulus G = 3.003X10'°NW, and Poisson's ratio a 
= 0.22. 

An advancing capillary water film can entrain air pockets. Time-lapse photographs showed 
the formation of entrained circular and elongated air pockets (Fig. 15). Trapped air 
microbubbles always exist between dry sand grains when water is added. This fact may 
explain why the compressional velocity Cp measured by the author in drained glass beads 
(-1750 m/s) was much greater than the 550 m/s measured by Shields and Sabatier [45] 
when they introduced water vapor to cover dry sand with 16 monolayers. Starting with 
saturated sand and ending with 16 monolayers by removing water would have resulted in a 
greater Cp value. Fig. 16 shows a capillary water film advancing between two glass plates 
that were previously bonded with the residue of an evaporated tap water film forming an 
island. Newton interference rings were observed in the left photograph before introducing 
the water. The advancing water film initially could not penetrate the thin gap surrounding 
the island (first interference fringe) and formed a curved water front, as seen in the middle 
photograph (Fig. 16). It is interesting to note that even after total wetting (right 
photograph), faint interference Newton rings and microbubbles could still be observed. 

Equation (2) indicates that the capillary force increases as the gap between the two plates 
decreases. Below a critical water film thickness, the capillary forces can exceed the tensile 
strength   of   the   water   and    cavitation   occurs   as   the   water   film   ruptures. 
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Fig 15   Time-lapse photographs showing formation of trapped circular and elongated air pockets 
by an advancing wetting capillary water film between two glass plates. (Magnification 60X). 

3 mm 

Fig 16. Progression of the wetting process of an advancing capillary water film interacting with 
an aged trapped semi-crystallized seawater film.   Initially, the advancing capillary water 
experienced resistance to penetrating the thin channel surrounding the trapped island as indicated 
by the curved water front in the middle picture. Even after total wetting, interference Newton 
rings were still observed momentarily (right picture). Complex mechanisms took place related to 
time-dependent acoustic properties of marine sediments. (Magnification lOX). 
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Briggs [62] noted the limiting negative pressure of water. The record tension was 270 
atmospheres at 10°C . Water impurities determine the ease of cavitation and formation of 
microbubbles. Chahal an Yong [64] studied the tensile strength properties of water in 
porous rocks. Seawater contains heterogeneities acting as nuclei and the water can 
rupture well below its tensile strength. In some models, localized interference patterns 
were observed through the glass microplates before the occurrence of cavitation (Fig. 17). 
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Fig. 17. Localized interference patterns observed in some models before cavitation 
occured. (Magnification 60X). 

Various cavitation shapes and sizes were observed in trapped seawater film between 
microplates (Fig. 18). Their size ranged from 200 \xm to 3 mm in diameter. Noncircular 
elongated and triangular cavities are displayed in Fig. 19 and Fig.20. In the ocean, 
cavitation bubbles collapse violently and oscillate creating high pressure and high 
temperature. In contrast, capillary cavitations between two plates do not exhibit 
oscillation. Or and Tuller [63] analyzed cavitation during desaturation of porous media 
under tension caused by heterogeneous nucleation. 

Chikina and Gay [65] estimated the size of the region influenced by one bubble assuming 
horizontal film deformation as more bubbles appear. The bubbles remain at a distance 
greater than d = h/(l-2a)''^, where h is the film thickness and a is Poisson's ratio. 
Chikina and Gay stated that the nucleation of new bubbles reduces the stress in the film 
preventing the formation of new bubbles. Initial rupture creates a vacuum cavity which 
becomes later a vapor bubble. Water has a vapor pressure of 2.34 kPa at room 
temperature and 101.6 kPa at 100°C. Between the glass plates, several small cavitation 
bubbles develop. As the bubbles grow, they may merge creating larger bubbles. The 
bridges connecting the bubbles break up leaving multiple isolated water droplets. Using 
high speed video microphotography, Williams and Barrow [66] observed the growth of a 
cavitation bubble from negative pressure in a 0.1-1 \xm thick liquid film confined between 
a sphere and a plane surface. The rupture of a confined thin liquid film by 
thermocapillarity was reported by Smith and Vrane [67]. Chen and Israelachvili [68] and 
Kuhl et al. [69] observed the formation of cavities in a thin liquid film between two mica 
surfaces when the surfaces were pulled apart beyond a critical velocity. 
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Fig. 18. Various shapes and sizes of cavitations in trapped seawater film between two Coming 
microplates.   The trapped seawater layer was behaving sometimes like a liquid and sometimes 
like a crystallized solid. The cavitation diameters shown are between 200 fim and 3 mm. 
(Magnification 60X except for the first two photographs 200X). 
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Fig. 19. Noncircular cavitations were observed in several models when the water separated from 
crystallized regions not exposed to the atmosphere. 
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Fig. 20. An elongated cavitation rupture (2 mm long) formed between the trapped seawater film 
and an inner crystallized region observed 100 days after the model was allowed to dry.    The 
other two pictures were taken one week and two weeks later after the formation of the initial 
elongated feature showing the slow evolution and change in the trapped mesoliquid. 
(Magnification 60X). 
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The capillary seawater thin water film was trapped for several months between the glass 
microplates partially due to the formation of a seal from the salt and other impurities in the 
seawater. Renard and Ortoleva [74] introduced a model explaining the existence of a 
trapped fluid film at grain contacts. It was initially surprising to find the seawater film 
trapped for almost a year. A literature search provided an extreme example on Zolensky's 
discovery of a brine solution in a halite salt crystal trapped in the 1998 Monahans 
meteorite for about 4.5 billion years predating the sun [73]. 

The trapped water film had its outer edge connected to the ambient atmosphere, while the 
inner border was facing the cavitation vapor bubble. Different types of edges and 
crystallizations were observed (Fig.21-Fig.26) at the water/air boundary: a) formation of 
sharp 90° cornered water pools (Fig. 23), b) sharp rectilinear crystallized edges with 90° 
angular steps(Fig. 21-22), b) cracked film edges (Fig. 21), d) multiple crystallized 
parallel contours connected by bridges (Fig.24), e) fine granular salt particles were 
observed without the formation of large crystals in the inner regions of a cavitatipn, and f) 
X-shaped crystals formed inside the wet region region when heated (Fig. 26), and g) 
dendritic crystallization (Fig. 25). Anderson [86] found that when sodium chloride 
crystallizes in the presence of biological matter a dendritic form of crystallization develops 
instead of the cube shaped crystals. Seawater is a solution of NaCl, MgS04, Mg Cb, and 
CaHCOs. Seawater is at 10% of the saturation point. The solubility of salt at 20° C is 37 
grams per 100 ml of water. 

The seawater film between the microplates evaporated more slowly as time progressed 
resulting in time-dependent acoustic properties (Fig. 22). The effect of time-dependent 
mechanisms in sediments and aging is not well understood. Denisov and Reltov [70] 
measured the change in the adhesion of sand grains on a glass plate for different soaking 
and drying time. Their experiments showed the shear bonding increased by more than 
300% for grains submerged for 14 days and dried for 20 hours. Mitchell and Solymer 
investigated time-dependent strength gain in freshly deposited or densified sand [71], 
Losert et al. [72] reported on gradual slow strengthening of wet sand under low pressure. 
There are several mechanisms responsible for increasing the shear modulus of sand. 

Abrupt formation of circular cavitation pockets in aged trapped seawater film between the 
microplates occured simply by locally stressing one of the plates surface. Fig. 27 shows 
the water film before and after the generation of such a stress induced cavitation. The 
trapped seawater film between the Corning microplates did not seem to evaporate when 
the bonded plates were placed in the oven at 200° C. Faint X-shaped salt crystals 
appeared when the oven temperature was raised to 350°C (Fig. 26). No seals were 
formed when distilled water was used instead of seawater. 

In an experiment on ring formation, a circular drop of salt saturated water (4.75 Cm 
diameter) was placed on the surface of a glass plate to evaporate. A salt ring formed after 
the water dried. The weight of the salt in the formed ring was 0.409 g, while the salt 
covering the entire circular area was only 0.166 g. The water thickness decreased as the 
water evaporated, and the salt kept on migrating to the pinned perimeter. Deegan et al 
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[75] studied ring formation from the preferential deposition of a solute at the contact line 
of drying solution on a flat surface exposed to the atmosphere. Multiple ring formation in 
a drying Latex film due to pinning-depinning events was reported by Shmuylovich et al. 

[76].        2 mm 70 ^m 
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Fig. 21. The left photograph (lOX) compares the edge of the trapped seawater film facing the 
cavitation side (Left) to the crystallized edge facing the atmosphere (Right). The photograph on 
the right shows a magnified view (200X) of the crystallized right edge. The water film snaped 
and separated from the pinned elongated crystallized right edge explained by equilibrium of forces 
between water adhesion to the crystallized salt and the capillary force acting on the shrinking 
evaporation water film. Cracking behavior was observed in the seawater film facing the cavitation 

side. 

70 nm 

r ffVff fffffffjfff/jr^^^J^vjvfjjyJvr^-** frnff^f. 

S 
'«,„ 

^. 

200X 

Fig. 22. Trapped seawater regions between the glass plates that appeared completely crystallized 
were not. The two photographs were taken 5 days apart showing slow changes associated with 
water evaporation and confined crystallization. 
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Fig. 23. Slow formation and evaporation of sharp edged (90°) rectangular seawater films were 
observed leaving complex salt crystallized borders. The photographs were taken one week apart 
of the same region. Time-dependent shear wave coupling between the two smooth microglass 
plates holding the seawater film depended on confined crystallization mechanisms. 
(Magnification 60X). 
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Fig. 24. Multiple parallel branched crystallized edges were formed tracing the capillary seawater 
film (gray region) contour during evaporation of the water. The film was subjected to increased 
tension with evaporation until the water film snapped and separated from the crystallized salt 
along its border. The water retreated rapidly over a short distance without forming a crystallized 
border. The process was repeated when a new pinned crystallized border had a chance to 
develop. The pictures were taken 72 hours apart. 
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Fig. 25. Crystallized dendritic forms were observed in some models. The crystallized edges did 
not always continue to make contact with the receeding water boundary and ended abruptly due 
to either rapid water retraction or microfiltering between the plates. Complicated equilibrium 
forces took place controlling the water edge shape and crystal growth. The remaining water film 
either evaporated leaving a fine powder or it formed an inner trapped pool. 
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Fig. 26. Faint cross shaped thin salt crystals were formed when the 6 months aged seawater film 
between the glass plates was placed in the oven at 200°C for 15 minutes. 
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As water evaporated, salt cystals were formed along the outer edge of the water film 
fixing the gap between the plates at that point. Further evaporation caused the plates to 
bend and the gap decreased away from the crystallized border forming a tapered capillary 
configuration. In 1924, Bouasse [77] observed that when a water drop was placed at the 
bottom large-end of a tapered conical tube, the water drop moved up to the open tip 
driven by the difference in capillary Laplace pressure. A water film always moves towards 
the thinnest gaps. The tapering increased the capillary force pulling the water film away 
from the outer crystallized edge. The water separated from the thick crystallized edge 
with a snapping action. 

It is interesting to note that as the seawater passed by tapered narrow channels, filtration 
and desalination took place at different stages (microfiltration 0.1 nm gap, ultrafiltration 
10 nm gap, and nanofiltration 1 nm gap). Although the Coming microplates are highly 
polished, it is difficult to estimate the exact area of real contact. Persson at al. [78] 
compared results of an exact analytical model and numerical results on elastic contact 
between randomly rough dry surfaces. Persson's theory showed that including the lateral 
interaction between the surface roughness, asperities reduces the area of real contact by a 
factor of 2/71 compared to the theory of Bush et al. [79]. Halsey and Levine [80] 
indicated that the force between two rough spheres depends on the amount of water 
present and the strength of the capillary bridges controlled by surface roughness. 
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Fig. 27. Istant formation of new cavitation in seawater film trapped for over six months between 
two Corning microplates. The first picture shows a region of the water film before cavitation. 
The second picture shows the instant formation of a new cavity by simply pressing locally on the 
surface of one of the two plate. The instant formation of a circular cavity seems to indicate the 
presence of a trapped liquid that did not dry yet. 
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Ultrasonic Shear wave Coupling 

The previous section visualized the complex hidden world at the microscopic level of 
phenomena controlling the time-dependent elastic wave coupling between two solid 
surfaces trapping a cavitated capillary seawater film. This section presents preliminary 
experimental results demonstrating ultrasonic shear wave coupling between regular glass 
microscope slides (1x25x76 mm) bonded with a cavitated capillary seawater film. 

Several experimental models were prepared by bonding two glass plates (microscope 
slides) with a capillary seawater film. Initially, the water film covered the entire surface of 
the plates. Overnight drying resulted in the formation of cavitations and crystallized 
features. Salt crystals have acoustic properties close to sand grains and can create strong 
shear wave coupling. Ultrasonic waves in monocrystals of NaCl in the form of rectangular 
bars were reported by Belomestnych and Karpova [81]. The lattice parameter for NaCl 
was given 5.63874x10"''' m, and density 2.16x10^ kg/m^ The compressional wave 
velocity in the (100) direction 4.77x10^ m/s and 4.17x10^ m/s in the (110) direction. The 
shear wave velocity (100) was 2.43x10^ m/s. 

After a period of six months, some of the models appeared to contain a localized trapped 
water film surrounded by crystallized edges. The plates were well bonded to each other. 
The tensile force measured to separate the two bonded plates was about 11% greater than 
the force based on the suction cup effect alone. Fig. 28 shows the interference pattern in 
one of the bonded models.   It took a shearing load of 13.2 kg to separate the plates. 

4 

i 13.2 kg 

Fig. 28. Interference fringe pattern observed in two glass plates bonded together with a cavitated 
seawater water film trapped for 6 months. A shear load of 13.2 kg was attained before the bonding 
strength was surpassed. 
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Two identical source and receiver piezoelectric shear wave transducers were epoxied to 
the surface of a 2.2 cm thick Plexiglas block to delay the transmission and detection of 
shear waves through the models. Fig.29 shows the experimental setup configuration. A 
single broadband pulse was used to excite the source transducer. The shear wave detected 
from one of the models is displayed in Fig. 30 (a). This model was aged for a penod of 
six months. A strong shear wave was coupled across the cavitated capillary film with no 
load applied. When the plates were immersed in water, the shear wave remained (Fig. 30 
(b) A blade was used to separate the immersed plates and create a sliding contact. This 
caused the shear wave to vanish (Fig. 30(c)). By placing a 15 kg load on the mating wet 
plates, the shear wave appeared having about the same magnitude as the waveform in Fig. 

30(a). 

shear 

Plexiglas 
2.2 cm thick Glass Plates 

Plexiglas 
2.2 cm thick 

shear 

Fig. 29. Generation and detection of shear waves in two parallel glass plate models. 
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Fig. 30.  Detected waveforms from two glass plate model with cavitated capillary seawater 
film trapped for six months. 

Experimental results from another model aged only 24 hours are shown in Fig. 31. A 
strong shear wave was detected from the bonded plates (Fig. 31(a)). Unlike the previous 
example, the shear wave disappeared when the plates were immersed in water (Fig. 
31(b)). It required a 35 kg load placed on top of the sliding plates to restore the shear 
wave amplitude as shown in Fig. 31 (c) for the dry contact case, and Fig. 31 (d) for the 
wet plates condition. The shear wave disappeared when the 35 kg load was removed (Fig. 

31(e)). 

Loading hysteresis was observed in coupling shear waves. A minimum loading force Fmi„ 
had to be surpassed to reach irreversible adhesion between the wet glass plates. When a 
100 kg load was used, the shear wave remained after the removal of the load. It was 
observed that cyclic loading increased the adhesion-time after unloading. Fig. 32 (a) 
shows the strong shear wave left after removing a 100 kg load that was cylced four times 
squeezing a new seawater film held between the plates. The shear wave amplitude 
decayed slowly with time after unloading. The waveform recorded one hour after 
removing the load is shown in (Fig. 32 (b)). In this experiment, the shear wave was 
coupled by capillary forces without the presence of crystallized salt. 
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Fig. 31. Detected waveforms from two glass plate model. 
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Fig. 32. Shear wave coupling between the plates continued after removing a 100 kg load. 
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V. CAPILLARY PHENOMENA IN GASSY SEDIMENTS 

It has been known that the presence of free gas in marine sediments changes the 
compressional wave velocity [88] and increases the attenuation and reflectivity. Anderson 
and Hampton [36] used an air sac in water-saturated sediment to study the effect of gas 
bubbles, and modeled the scattering mechanisms as bubbles in a lossy fluid using the 
resonant frequency of the bubble. Fonesca et al.[82] followed Anderson and Hampton's 
model assuming no rigidity. Recently, Johnson, Gardiner, and Boudreau [37, 38] 
observed flattened vertical disc-shaped methane bubbles in marine sediments caused by 
fi-acture following linear elastic fracture mechanisms theory. 

In this section, preliminary findings are described obtained from three basic experiments 
on capillary phenomena in gassy sediments. Air was injected through a fine metal tube in 
water-saturated sand. In the first experiment, the water level was flush with the sand 
surface (Fig. 33). In the second experiment, the sand was under a very thick water layer 
(Fig. 34). In the third experiment, water-saturated sand was confined in a sealed Plexiglas 
box (Fig. 35 ). When air was injected into the wet sand, 45°oblique cracks developed in 
the wet sediment in the three experiments. The cracks originated from the air source 
location, and were perpendicular to each other as shown. 

In the first experiment, the sand was placed in a 4.2 cm diameter cylindrical plastic 
container. A fine metal tube was buried in the wet sand to inject air. The tube opening is 
shown in Fig. 33 (a) indicated by the white triangle. After injecting air into the saturated 
sand, the sand became rigid and unsaturated as 45°oblique cracks developed. When the 
amount of injected air was increased, the cracks opened up more and a large clump of 
sand was lifted forming a right-angle triangle with the sand top surface as its hypotenuse 
(Fig. 33(a)). The position of the lifted sand remained unchanged supported by capillary 
forces even after stopping the air flow (Fig. 33(d)). The fractures that resulted from the 
air lifting the sand formed a "scab" resembling the effect of a reflected tension shock wave 
pulse from a free surface of a solid as described by Kolsky [83], where the fractures 
started at a certain depth from the free surface. 

The underwater sand from the second experiment also developed localized oblique cracks 
(Fig. 34(b)), however, as the amount of injected air was increased beyond a certain level, 
water flowed down along the cracks liquefying the sand causing partial collapse of the 
major air cavity (Fig. 34(c)). Several smaller air bubbles became trapped in the now 
locally unsaturated sand. 

In the third experiment, fine water-saturated sand was sealed in a Plexiglas box (1.3 x 3.5 
X 5.5 cm). A 1 mm diameter steel tube was inserted and epoxied to the box wall to inject 
the air into the sealed container. The white arrow in the photograph (Fig. 35(a)) points 
the location of the tube opening seen through the transparent Plexiglas wall before 
injecting the air. The sand became locally unsaturated and rigid as 45° angled cracks 
formed shown in Fig. 35 (b)(c) and(d). Similar to the previous example, the cracks 
opened up more when the air pressure was increased, and   the water flowed down the 

Sonoquest JRC-27-2003 35 J. R. Chamuel 



cracks liquefying the sand causing the air cavity to collapse. By continuing the injection of 
air, new oblique cracks formed and a second liquefaction process repeated, followed by 
the collapse of the newly formed air pockets. Hysteresis in the wetting and draining cycle 
played a role in the trapping of air bubbles and the preservation of unhealed cracks. 

The seismoacoustic properties of gassy sediments are time-dependent and it is not 
adequate to represent the sediment as a fluid for large air pockets. It is clear from the 
experimental results presented here that the added stiffness and capillary forces in the 
localized unsaturated sand regions near the cracks increased the sediment rigidity and the 
compressional wave velocity. The air pockets were not spherical and their resonant 
frequency could not be predicted from a simple spherical bubble model. 

Gardner and Sills [84] stated: 
"...the Anderson and Hampton equations accurately predicted sound speed 
at lower frequencies of bubbles resonance and below, but results were 
sensitive to inappropriate values of the elastic and damping properties of 
the soil. The bounds of sound speed based on the elastic properties of 
models that simulate "compressible fluid" of "suspension" behavior were 
grossly misleading when applied to large bubble soils." 

The presence of gas in marine sediments causes localized capillary phenomena affecting 
acoustic wave propagation over a wide frequency range. The air cavity is held not only 
by the air pressure but also by capillary forces and grain interlocking. Drained sand always 
retain air bubbles when rewetted. Therefore bubbles in sediment are present even when 
the major bubble collapses. Further research is needed to characterize the seismoacoustic 
properties of gassy marine sediments and develop comprehensive physical understanding 
of the underlying mechanisms. The aim it to come up with a realistic physical model valid 
for all angle of incidence and frequencies. 
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Fig. 33. Photographs from first experiment. Water level initially flush with the saturated sand 
surface. 45° oblique cracks developed as air was injected through the tube opening indicated by 
the white triangle in "A". Introducing more air increased the crack width and lifted the sand 
clump further "D". The expanding sand absorbed all the excess water and became unsaturated 
without draining any water. Capillary forces were holding the cracked sand after removing the air 
pressure. An expanded view near the tube opening is shown in "C". 
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Fig. 34. Underwater sand with the tube opening buried 2.3 cm below the water/sand interface. 
Photograph "A" shows the tube opening and the wet sand before injecting the air. Oblique cracks 
developed, grew and then partially collapsed after localized liquefaction ("E"}. 
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Fig. 35. Photographs from the third experiment. Seawater-saturated fine sand (Narragansett 
Beach, RI) placed in a sealedPlexiglasbox (1.3x 3.5x 5.5 cm). A 1mm diameter steel tube was 
placed to inject air in the wet sand. Observed repeated formation of large 45° oblique cracks 
originating from the air source location followed by liquefaction and collapse of main air pocket. 
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VI. CONCLUSIONS 

Basic experimental studies were conducted under controlled laboratory conditons 
revealed findings not explained by existing theories in several areas as explained below. 
The goal of the reseach is to develop fundamental understanding of high-frequency 
seismoacoustic phenomena to predict the penetration and attenuation of high-freequency 
acoustic waves interacting with the seafloor under various conditions. 

Precision measurements of the high-frequency compressional wave velocity Cp in coarse 
water-saturated sand demonstrated that Cp decreased by 14% as frequency increased 
from 80-880 kHz, while the Biot theory [25] predicted an increase of about 1%. The 
observed dispersion characteristic is not also explained by the Buckingham theory [12, 20, 
32]. The measured dispersion was 3.6% in fine saturated sand, and 3% in glass beads. 
The author independently confirmed the dispersion behavior reported by Guillon et al. 
[35] and replotted 1995 field data by Chotiros [22] from Kings Bay Experiment indicating 
Cp decreased by 6% as frequency increased from 5 to 60 kHz. 

Two other surprising findings were observed in drained sand and glass beads. First, the 
author observed that the high-frequency dispersion trend in drained sand and glass beads 
was almost identical to the controversial dispersion measured in saturated sand . Second, 
the compressional wave velocity increased slightly when the sand was drained (and 
sponge dried) in contrast with the Biot-Gassman theory which predicts that the low- 
frequency compressional wave velocity decreases by 85% when the water content is 
decreased by only 1%> from saturation [24]. 

Preliminary studies from three experiments on capillary phenomena in gassy sediments 
showed the formation of 45° oblique fracture cracks in water-saturated sand as air was 
injected. The cracks were perpendicular to each other originating from the air source 
location. The saturated sand became locally unsaturated and rigid due to capillary forces. 
The findings clearly indicated the limitation of the Anderson and Hampton's model [36] 
representing the gassy sediment as a fluid. Futher research is needed to explain the 
observed 45° oblique fracture cracks that differ considerably from the flattened vertical 
disc-shaped methane bubbles caused by fracture in marine sediments recently reported by 
Johnson, Gardiner, and Boudreau [37, 38]. 

In order to better understand grain to grain shear coupling, the author measured shear 
wave coupling and visualized seawater capillary mechanisms between two microglass 
plates revealing complex hidden phenomena on solid-like behavior of confined seawater 
film, capillary cavitation, water trapping, confined salt crystallization, dendritic formation, 
air entrainement, tapered capillary desalination, and loading hysteresis. 

Further research is needed in several areas to better understand and characterize the high- 
frequency seismoacoustic properties of marine sediments under various conditions 
important for reliable detection and imaging of buried objects. 
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